Anatase nanosheets with exposed {001} facets have gained increasing interest for photocatalytic applications. To fully understand the structure-to-activity relation combined experimental and 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 3 fluorine atoms near the surface is shown to strongly shift down the band edges, which indicates another reason why it can be expected that the prepared samples with a large amount of {001}
INTRODUCTION
Titanium dioxide (TiO 2 ) is one of the most widely used semi-conducting photocatalysts for the degradation of organic contaminants from water and air. This is due to its physical and chemical stability, high catalytic activity and low cost of production. Anatase, in comparison to the other two polymorphs rutile and brookite, is the most photocatalytically active polymorph of TiO 2 .
However, there are many parameters that could possibly influence the photoactivity 1 such as phase composition, electronic structure, particle size and shape 2 , surface defects 3 , charge transfer 4 , etc. The presence of specific crystal facets plays an important role in the activity as well 5 . Surface scientists have shown that the order of average surface energies of anatase is: {001}>{100}>{101} 6-9 . The {101} facet is thus dominantly present, but unfortunately, it is not a highly reactive surface 10 . According to the Wulf construction more than 94% of crystals are dominated by {101} facets 11 . An extended review of TiO 2 with different exposed surfaces has been presented by Liu et al. 5 The high reactivity of the surfaces usually diminishes during the crystal growth as a result of the minimization of surface energy. Therefore a special approach in synthesis is required. The work of Yang et al. 12 on the synthesis of TiO 2 anatase nanosheets with exposed {001} facets has initiated an increasing interest in the synthesis of TiO 2 materials with dominant occurrence of {001} facets 6,13-15 . It was shown by first-principle quantum-chemical calculations that the 4 stabilization of the {001} facet can be obtained by the adsorption of fluorine ions. Nanomaterials obtained in this manner yield 47% of {001} exposed facets. By adding hydrofluoric acid (HF) during the synthesis, an increase of this value could be achieved. The role of HF during the synthesis is dual. Primarily, it retards the hydrolysis of the Ti precursor and, secondly, it reduces the surface energy to promote the growth of {001} facets 13 .
The photocatalytic activity of a {001} facet is predicted to be higher for both the decomposition of organic pollutants 13, 16, 17 as well as for the photocatalytic generation of hydrogen 15 . This trend is related to the higher percentage of under-coordinated Ti atoms present on this surface, which are usually more active in a heterogeneous reaction and strained configuration of the surface atoms. It is expected that the photocatalytic efficiency increases with increasing percentage of exposed {001} facets 8 .
It is important to note that the reported results on the photocatalytic activity of TiO 2 with exposed {001} facets are not always in agreement 18 . Although, according to many researchers, a {001} facet is more active 13, 16 , it was also shown that for clean TiO 2 surfaces the order of the photocatalytic activity is {010}> {101}> {001} for the generation of hydroxyl radicals and hydrogen evolution 19 . Moreover, for the different exposed facets terminated with fluorine, the reactivity turned out to be comparable. Similar results, showing higher photocatalytic activity for {101} anatase surface, were presented by Gordon et al. 20 . By applying the single-molecule, single-particle fluorescence imaging technique to identify the photocatalytically active sites on individual TiO 2 nanocrystals and their composites with noble metal nanoparticles, Tachikawa et al. 21 proved the very important role of the {101} surface in the reduction process. Analysis of the fluorescence signal from the products of the redox-responsive fluorogenic dyes reaction revealed 5 that the reaction sites for the effective reduction of the dye molecules are preferentially located on the {101} surface.
The influence of fluorine ions on the photocatalytic activity of anatase nanosheets with exposed {001} facets cannot be neglected. The introduction of fluorine can be accomplished in two ways:
by surface fluorination or by lattice incorporation. The surface fluorination can influence the adsorption capacity, direct hole transfer and surface electron storage 22 . Lattice fluorination induces the formation of reduced Ti 3+ centers, and introduces special localized electronic structure and surface defect states 23 . It is known that doping of fluorine into titania might increase the photocatalytic activity 14, 24 . However, it was also reported that removal of fluorine from the sample by either washing with a basic solution or by calcination improves the photocatalytic performance of anatase 25, 26 .
As illustrated above, the photocatalytic performance of anatase nanosheets with exposed {001} facets has been a matter of debate in literature. In this work, we present experimental results on the photocatalytic activity of TiO 2 nanosheets prepared using hydrofluoric acid. The photocatalytic activity was determined by photocatalytic decomposition of Rhodamine 6G and Methyl Orange. By using High Angle Annular Dark Field Scanning Transmission Electron Microscopy (HAADF-STEM) we were able to confirm that the TiO 2 samples are in the anatase phase and yield dominantly {001} facets. Moreover, since HAADF-STEM images are only 2-dimensional (2D) projections of a 3D object, electron tomography was used 27, 28 . By applying this technique the 3D morphology of the particles, including the thickness, could be determined.
Multi-frequency EPR was used to unravel the mechanism of the photocatalytic activity and to confirm the presence of Ti 3+ sites. The experimental results were combined with theoretical ab 6 initio calculations in order to understand the behavior of the synthesized material with respect to its photocatalytic activity.
EXPERIMENTAL AND THEORETICAL METHODS

Sample preparation:
All chemicals were of analytical grade and used without further purification. All experiments were performed with the use of distilled water.
Anatase nanocrystals were synthesized by a simple hydrothermal method 13 . 0.6 mL of concentrated hydrofluoric acid (Merck) was added drop-wise to 5 mL of titanium(IV) butoxide (Acros Organics). The reaction mixture was further kept in Teflon-lined autoclave at 200°C for 24h. The sample was recovered by centrifugation and further washed three times with ethanol and distilled water. The sample was dried under vacuum at 80°C overnight and is hereafter called ANS (anatase nanosheet). The TiO 2 -reference anatase sample was purchased from Sigma Aldrich. Fluorine doped TiO 2 reference sample was prepared by mixing 2g of powder obtained from Sigma Aldrich with 0.5 ml HF and 50 ml water for 1h. The sample was further centrifuged and dried at 80°C overnight.
Experimental characterization methods:
Transmission Electron Microscopy (TEM): HAADF-STEM, ABF-STEM and STEM-EELS measurements were performed using a monochromated aberration corrected 'cubed' FEI-Titan electron microscope operated at 120 and 200 kV. A probe convergence semi-angle of 21 mrad was used. STEM Energy Dispersive X-ray spectroscopy (STEM-EDS) measurements were performed using a FEI Osiris electron microscope operated at 200 kV, equipped with a 7 ChemiSTEM 29 system. For the acquisition and quantification of the EDS elemental maps, the ESPRIT software was used. Electron tomography series was acquired in HAADF-STEM mode using a FEI Tecnai G2 electron microscope operated at 200 kV. A Fischione tilt-rotation tomography holder (model 2040) was used and tomography series were acquired automatically using the Xplore 3D software. The series were acquired within a tilt range from -70˚ to +70˚ and a tilt increment of 2˚. The alignment of the series was performed using the Inspect 3D software and the reconstruction using the Discrete Algebraic Reconstruction Technique (DART) 30 .
X-ray diffraction (XRD): XRD patterns were collected on a Panalytical X'Pert PRO MPD diffractometer using CuKa radiation in 2h mode with a bracket sample holder. Measurements were done at a scanning speed of 0.04°/4s continuous mode.
UV-visible Diffuse reflectance (UV-DR) spectroscopy: UV DR measurements were performed on a Thermo-electron Evolution 500 UV-Vis spectrometer equipped with RSA-CU40 Diffuse
Reflectance cell. The instrument measured intensity I (of the sample diluted in KBr) and intensity I 0 (of pure KBr background), converting that directly in the software into an absorbance value according to A=log (I 0 /I). From UV-Vis DR spectra information on the band-gap energy was obtained.
Electron paramagnetic resonance (EPR): X-band (~9.44 GHz) continuous-wave (CW) EPR was measured at 10 K on a Bruker ESP300E spectrometer equipped with a gas-flow cryogenic system (Oxford, Inc.). All X-band EPR spectra were recorded using a microwave power of 0.5 mW, a modulation amplitude of 0.2 mT and a modulation frequency of 100 kHz.
W-band (~94 GHz) EPR experiments were carried out on a Bruker Elexsys E680 spectrometer equipped with a continuous gas-flow cryostat (Oxford Instruments). The CW-EPR spectra were recorded at 50K, using a microwave power of 2.2 µW, a modulation amplitude of 0.4 mT and a 8 modulation frequency of 100 kHz. The field-swept Electron-Spin-Echo (ESE) detected EPR was acquired at 10K with the pulse sequence π/2-τ-π-τ-echo, where t π/2 = 120 ns, t π = 240 ns and τ =700 ns, and a repetition rate of 100Hz. This low repetition rate was needed to allow the spin system to recover equilibrium between pulse sequences due to the slow electronic relaxations of the radical species detected.
The light-induced EPR spectra were obtained with an illumination wavelength of 350.7 nm from a Kr-ion laser (Spectra Physics 2580), and a laser power of 10 mW. At X-band, a deuterium lamp with a 220 nm broadband interference filter was also used as excitation source, at a lamp current of 1.5 A. Comparisons were made between light-induced X-band CW-EPR experiments performed while pumping the sample tube (1 mbar) and experiments with the sample tube open to air. Besides a slight intensity increase of the EPR features of the contributions I-II (Table 2) , O 2 induced no essential changes in the EPR spectra. The X-band EPR spectra depicted in this manuscript are recorded under air. At W-band, the sample was introduced in the EPR spectrometer at room temperature and the cavity (and sample tube) was vacuum pumped prior to cooling. All EPR spectra were recorded during light irradiation at different times of illumination.
Longer illumination only led to a gradual increase of the overall EPR intensity, not to spectral changes.
All EPR spectra were simulated using the EasySpin program, a MATLAB toolbox developed for EPR simulations 31 .
Nitrogen sorption: The surface area and porosity of the prepared materials were determined via N 2 -sorption on a Quantachrome Quadrasorb SI automated gas adsorption system. Before measurements samples were degassed at 150°C for 16 hours. After degassing, N 2 -sorption was 9 carried out at -196°C. The Brunauer-Emmet-Teller (BET) method was applied to calculate the specific surface area.
Energy dispersive X-ray spectroscopy (EDX): Elemental analysis was performed on a FEI QUANTA FEG 250 microscope equipped with a field emission gun. Powder was applied on the carbon tape and measured. The software used for analysis was INCA (Oxford Instruments).
Photocatalytic tests: The photocatalytic activity was tested by photodegradation of the dye molecules Rhodamine 6G (cationic dye) and Methyl Orange (anionic dye). For the experiment 8 mg of catalyst was dispersed in 50 mL of 4·10 -5 M dye solution and stirred for 40 min without UV-irradiation to obtain an adsorption-desorption equilibrium. Then the solution was irradiated for 3h under UV light (365 nm) from a 100 Watt Hg-lamp (Sylvania). During this period, 5 mL aliquots were taken out of the suspension at fixed intervals of 30 min and analyzed both by UVVis spectroscopy and total organic carbon (TOC) analysis. The decolorization efficiency was followed via the absorbance measured at 526 nm for Rhodamine 6G and 507 nm for Methyl Orange, with water as reference. From each sample taken for the UV-Vis analysis 0.6 mL was used for µV-TOC-analysis 32 (the remaining sample, after UV-Vis measurement, was put back to the photocatalytic reaction vessel). Using this 0.6 mL volume, two separate measurements were performed in which i) the total amount of carbon (TC) was measured and ii) the total amount of inorganic carbon (IC) was determined. For both TC and IC measurements 3 sequential injections were performed (50 µL was injected for TC and 150 µL was injected for IC). Samples for TC analysis were injected directly on the combustion oven, using the special designed gas injection kit. Samples for IC analysis were injected directly on the acid containing vile. The TOC-value was calculated as the difference between TC and IC values. The detection limit for the TOC 10 measurement is 50 µg/L. Photocatalytic tests were performed at room temperature and ambient atmosphere.
Computational methods:
Ab initio calculations were performed within the Density Functional Theory (DFT) 33, 34 formalism as implemented in the VASP code, using the Projector Augmented Wave method 35 . 36, 37 To describe the strong correlation of the Ti 3d electrons, a value of U=3 eV was applied. The choice for the LDA+U method instead of the GGA+U method was motivated based on the results presented in Arroyo-de Dompablo et al. 38 , which showed that much better structural parameters are obtained for TiO 2 within LDA+U. A plane-wave basis set with a cutoff energy of 600 eV was used. Potentials with 12 valence electrons for Ti-atoms and 6
valence electrons for O-atoms were used.
The band structure of electrons and holes in anatase were calculated using the 12-atom tetragonal unit cell of anatase using a 9x9x3 Monkhorst-Pack k-point grid to sample the Brillouin zone, resulting in 30 k-points in the irreducible part of the Brillouin zone. Effective masses were calculated with the finite difference method using the EMC (Effective Mass Calculator) code 39 .
In order to obtain the band edge shifts for different surface terminations, supercell calculations with 48 atoms were performed. For these, a 9x9x1 Monkhorst-Pack grid was used, resulting in 25 points in the irreducible Brillouin zone. The band edge shifts were obtained by directly comparing the band edge positions in the center of the slab with the potential in vacuum.
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All systems were allowed to relax using a conjugate-gradient algorithm until all forces fell below 0.01 eV/Å.
RESULTS AND DISCUSSION
The overall anatase crystal structure of the TiO 2 nanosheets was first confirmed by XRD measurements ( Figure S1 , supporting information). In Figure 1a , a HAADF-STEM overview image of the anatase nanosheets (ANS) is presented. Figure 1a . Due to the fact that the particles are very thin and highly agglomerated, "missing wedge" artefacts may hamper the quantification procedure and also the facets may not be well presented 25 . In order to improve the results, a more advanced reconstruction algorithm, the so-called DART, was used in Figure 1b 40, 41 . From the 12 reconstruction the thickness of the nanosheets could be determined to be varying between 4 and 10 nm. 14 Figure 3b shows an ABF-STEM image of a nanosheet oriented along the [010] axis, in which both the Ti and O columns can be observed. In Figure 3d , a model of the structure as obtained from X-ray diffraction (XRD) analysis is presented along the same crystallographic orientation 43 . In Figure 3e , a more detailed part of Figure 3b (white square) is shown along with the model structure. In this manner, we conclude that the terminating plane is formed by columns of light atoms, indicated by the white rectangle in Figure 3e .
In order to determine the elemental composition of these columns, STEM-EDS measurements were performed on three nanosheets, connected along their {001} facets (Figure 4 ). From the STEM-EDS maps it is clear that F is present together with O on the interface between the nanosheets. The excess of F at the interface between the nanosheets can be attributed to the higher sensitivity of the exposed facets towards the electron beam. It can be clearly observed that an excess of F is present at the interface between the nanosheets.
An EDS spectrum of the sample is given in Figure S2 (Supporting information). (red) and Ti 3+ (green), respectively, acquired by reference samples (pure anatase Ti 4+ and pure Ti 3+ samples) by using the same experimental conditions and c) EELS spectra from the surface (green) and bulk (red) parts of the region indicated by the green and red rectangles, respectively.
The spectrum of the middle of the nanosheet corresponds to anatase (Ti 4+ ) whereas that of the layers near the surface corresponds more to a Ti 3+ -rich environment.
In order to compare the photocatalytic activity of ANS to the reference anatase sample (TiO 2 -reference), its ability to decompose an organic dye was tested. The UV-DR spectra and calculated 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 16 band gap energies of both samples are given in Figure S3 , supporting information 44 . Table 1 represents the results of the degradation of a Rhodamine 6G solution. All samples show only a limited adsorption of the pollutant during the first 40 min in dark. However, the difference between the activity of ANS and the commercial anatase reference sample (TiO 2 -reference) under UV illumination is obvious (Figure 6 ). The decolorization process with the commercial sample occurs much faster than with the ANS nanosheets. Although more than 99% of the dye is photobleached already after 180 min of UV irradiation for the reference sample, this is only around 43% for ANS ( Figure 6 ). The photomineralization process was also determined by µ-volume TOC for both samples. The total degradation towards CO 2 and H 2 O is again better for the TiO 2 reference sample than for synthesized ANS material. Nevertheless, although UV illumination using the commercial anatase induced almost complete photobleaching, only 25% of the Rhodamine 6G was effectively photomineralized. The ANS performed even worse: only 6.4% of the original Rhodamine 6G could be photomineralized . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 around 20% of exposed {001} facets. In the work of Zhu et al. 46 it was shown that the selectivity of photocatalytic conversion can be changed by changing the absolute surface area of the {001}
facets. Since the photocatalytic activity towards azo dyes is greatly affected by the surface chemistry of the catalyst 45, 47 , a similar photocatalytic experiment was performed in our work for the degradation of the anionic dye Methyl Orange ( Figure S4a, supporting information) . The photocatalytic decomposition of Methyl Orange by ANS was not better than the corresponding decomposition of Rhodamine 6G, showing that in case of the synthesized ANS sample the low measured photocatalytic activity is not caused by the nature and charge of the pollutant.
Furthermore, in order to check the effect of fluorine on the catalytic performance, the Similar spectra were obtained when using a deuterium lamp with a 220 nm broadband UV filter (see Figure S6 , supporting information).
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The Journal of Physical Chemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 Table 2 , and the separate contribution to the simulated spectrum (b') is presented in Figure S7 . Two oxygen radical centers (I-II) have been identified by simulation, which are the products of (surface) photoreactions involving the generated electron points to a surface rather than sub-surface defect 57 . The photoactivity of titanium dioxide materials has been shown to depend also on the surface-adsorbed water 58 and water is found to 62 . Both of the latter processes would be facilitated by the presence of accessible surface titanium atoms, which seems contradicted by the previous data. The protons needed in all three formation processes can result from surface hydroxy groups, which are not unexpected for TiO 2 prepared by wet methods. Surface hydration may also result as charge compensation for fluoride incorporation in the structure 63 . Moreover, these oxygencentered radicals in ANS completely disappear after annealing to room temperature and recooling to 10K to measure the CW-EPR spectrum (see Figure S6c , supporting information). The thermal instability of these species has been consistently reported for partially hydrated P25 59 . Although the g values of center II have been assigned to HO 2 • by several authors [59] [60] [61] , EPR studies of these radicals on different (non-titania) inorganic materials have shown that a large proton hyperfine coupling of 1.1-2 mT should be visible 64 . This coupling was not observed, but could be masked by the broad linewidth. Because of this, the assignment of center II to HO 2 • should be treated as tentative, and an assignment to an O 2 -species cannot be excluded, although these centers tend to have lower g z values. The above CW-EPR results obtained at X-band are fully corroborated by the W-band EPR experiments (Figure 8 ). Figure 8c shows the CW-EPR spectrum obtained by subtracting the dark signal from the one measured after 1h illumination at 50 K with 350.7 nm laser light. Spectrum (c) was recorded at 50K to avoid saturation of the photogenerated oxygen related signals I-II and signal III, which have longer electronic relaxation times than Ti 3+ . The corresponding simulation
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(spectrum (c')) is obtained with the same species used for X-band, confirming the above discussed assignments. A detailed view of the individual EPR signals contributing to spectrum (c') is presented in Figure S8 , supporting information. Notice that the higher resolution in g at Wband compared to X-band allowed us to optimize the g values of the observed species with higher precision (Table 2) , which is best illustrated by the slight rhombicity determined for species III.
The feature corresponding to the g z value of center II (low-field signal) can only be achieved from the corresponding ESE-detected EPR spectrum (Figure 8a 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 In summary, the X-and W-band EPR experiments indicate that before illumination the ANS sample exhibits no terminating surface Ti 3+ centers, only bulk Ti 3+ due to F-doping during the synthesis and no reactive surface radicals. These results were also confirmed by the ABF-STEM and STEM-EELS measurements where it was shown that the terminating surface layer consists of oxygen, not titanium atoms. The STEM-EELS results also showed that the middle of the nanosheet is more anatase (Ti 4+ ) like, while the atomic layers closer to the surface are more Ti 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Ab initio calculations on anatase TiO 2 were performed to study the anisotropic charge-carrier mobility and the dependence of the surface termination on the band edge positions, both properties that could influence the photocatalytic activity. In order to facilitate any photocatalytic reaction, the photoexcited electrons and holes in anatase must first reach the surface. The ease with which these charge carriers can reach the surface is influenced by their mobility. This mobility is inversely proportional to their effective mass in the anatase lattice. This effective mass is, in general, anisotropic and thus the charge carriers may reach certain surfaces easier than others. If the charge carriers more easily reach a specific surface, this is then expected to have a positive influence on the photocatalytic activity of that specific surface orientation.
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We calculated the effective masses around the valence band maximum (VBM) and conduction band minimum (CBM) within the LDA+U approach. The CBM in anatase was found to be located at the Γ-point of the Brillouin zone, while the VBM is found to be on the Γ-M line, close to the M-point (½ ½ 0). The obtained values for the effective masses, relative to the bare electron mass, are listed in Table 3 . Our results are consistent with published results using other choices for the exchange-correlation functional 67,68 direction is actually found to be the lowest of all investigated directions. However, since the electron effective mass is much higher still, the rate at which the electrons reach the {001} Page 27 of 43
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Another Our calculations indicate that the HF-covered surface shifts the bands down with 1.4 eV with respect to the clean case, while the fully fluorinated surface shifts the bands down with 2.2 eV.
As the F atoms are also observed in the sample but close to the surface, it is also interesting to investigate the effect of F absorption on the band positions. Therefore, we replaced layers of O atoms (partly) with F atoms, for different distances to the surface. An example of such a slab in which a quarter of the fourth layer of O atoms is replaced with F atoms is shown in Figure 9 (d).
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